The microstructure stability of 4th generation single crystal superalloy, PWA 1497, during high temperature creep testing is discussed and compared with 2nd generation single crystal PWA 1484 superalloy. Quantitative scanning-and transmission electron microscopy methods are used to characterize the alloy microstructure and its changes during creep deformation at 980 C, especially the formation and subsequent directional coarsening of 0 precipitates. The results show that the rafting parameter R is a suitable and reliable quantitative measure of the developed rafting.
Introduction
Ni-base single crystal (SC) superalloys have superior mechanical properties such as creep resistance and high temperature strength. They are hardened by a high volume fraction of the ordered 0 phase (LI 2 -structure), which is coherently precipitated in the matrix (fcc). These materials are mainly applied as turbine blades and vanes in aeroengines and industrial gas turbines. Turbine blades operate at high temperature under a centrifugal force causing creep deformation of the material, which leads to so-called rafting (i.e. directional coarsening). A characteristic microstructural property of SC superalloys is the ability of cubic 0 phase particles to transform under the influence of stress and temperature into the plates (rafts). The rafts develop in the early stages of creep at high temperature (about 1000 C) and low stress (about 100 MPa). Concurrent with the rafting process, a thickening of the matrix channels parallel to the rafts occurs. Rafting appears to be an essential factor determining creep strength of nickel-base single crystal superalloys at high temperature and influencing their applications. [1] [2] [3] A new, 4th generation single crystal superalloy has been jointly developed by GE Aircraft Engines (GEAE), Pratt & Whitney (P&W) and NASA. The focus of the effort was to develop a turbine airfoil alloy with long-term durability for use in the High Speed Civil Transport. In order to achieve adequate long time strength improvements at moderate temperature and to retain good microstructure stability, it was necessary to make significant composition changes from 2nd and 3rd generation single crystal superalloys. These include lower chromium levels, higher cobalt and rhenium levels and the addition of a new alloying element, ruthenium. The new superalloy is known as MX4 at GEAE and PWA 1497 at P&W. 4) The purpose of the present study is to examine the microstructural stability, especially the kinetics of the formation and subsequent development of rafted 0 precipitates in 4th generation nickel-base superalloy, PWA 1497, during creep tests at 980 C and 250 MPa. The results are compared with the findings of 2nd generation PWA 1484 superalloy which was creep tested in the same conditions.
1)

Materials and Methods
A single crystal bar of the PWA 1497 superalloy was cast in the [001] direction (within deviation AE0:7
). The alloy chemical composition was as follows: Ni-2Cr-5.55Al-8.25Ta-6W-2Mo-5.95Re-3Ru-16.5Co-0.03C-0.15Hf (mass%) and 40 ppm B. For the baseline material the negative = 0 lattice misfit () measured in secondary dendrite arms region ¼ À0;32% was determined by X-ray diffraction at room temperature.
Five heat treated specimens (machined from the same bar) were creep tested under constant load at 980 C and 250 MPa. Creep tests were terminated after systematically increasing strain and the specimens were rapidly cooled under load.
The specimens for microstructure investigations were sectioned parallel to the applied stress axis on the (001) plane and examined by scanning-and transmission electron microscopy (SEM, TEM) methods. For SEM analyses, all specimens were mechanically polished and then etched in the solution of a 0 -dissolving agent: 25 ml ethanol, 25 ml HNO 3 , 27 ml HCl. Microstructure examination was then carried out using NOVA nano SEM200 scanning electron microscope. For TEM analyses, discs were thinned by mechanical polishing followed by electropolishing at 25 V/0.5 A and temperature À5
C in a solution of 10% perchloric acid in acetic acid. The resulting thin foils were examined using JEM 200CX and JEM 2010 ARP transmission electron microscopes.
As a reference, the PWA 1484 superalloy which represents 2nd generation of single crystal superalloys was used. The PWA 1484 chemical composition was as follows: Ni-5Cr-5.6Al-7Ta-6W-2Mo-3Re-0.03C-10Co-0.2Hf (mass%). Creep tests, sample preparation and further image acquisition and analysis were conducted in the same condition as for PWA 1497 alloy. This allows to perform reliable comparison of Quantitative image analysis was performed using a commercial software ''AnalySIS 3.2''. 5) Intersection of grid lines and the = 0 interface were used to define a number of stereological parameters. The grid periodicity chosen for measurement was 0.08 mm (about five times the pixel size) this gave an ensemble of more than 1500 intersections for defining each stereological parameter. These include T and S, which represent the average liner length of 0 precipitates in directions parallel to the tensile axis (T) and the mean interlamellar spacing along the tensile axis (S). 6 ) Specimen preparation and image acquisition are easier and faster for SEM investigation than for TEM. But SEM images are not appropriate for determination of T and S parameters, due to possible thickening of channels caused by etching. TEM image analyses allow for detection of the fine T and S changes. While SEM images are more appropriate for determination of L parameter, however only when rafting process is advanced and rafts are in expansion. Therefore in the present work these parameters were determined using TEM micrographs. The SEM technique, which allows analysis of significantly larger area, was used to determine the L parameter, which represents the average liner length of 0 precipitates in directions normal to the tensile axis. The L is the distance between AE180 bends of the continuous = 0 -interfaces. This distance represents the way that a dislocation has to climb over 0 particle during deformation and was measured by analysis of the interface pieces distinguished by one-side gradient filtering. 7) In the present investigation, L and T parameters were used to determine the rafting parameter R proposed by Ignat et al., 8) which is a dimensionless quantity and is therefore independent of scale. The parameter R is defined as R ¼ L=ð2TÞ and for non-rafted microstructure R is equal to 0.5, but increases in magnitude rapidly reaching its maximum for the longest and thinnest rafts, and then decreases during the final rafting process when microstructure inversion occurs. 6) 
Results and Discussion
The creep strains for 2nd generation (PWA 1484) and 4th generation (PWA 1497) superalloys as a function of time at temperature 980 C and 250 MPa is shown in Fig. 1 . The corresponding TEM and SEM micrographs of the PWA 1497 alloy, which were terminated at various creep duration are also shown in Fig. 1 . These micrographs illustrate a development of 0 directional coarsening, from a cuboidal to a platelike morphology, oriented perpendicular to the applied stress axis. The low value of = 0 misfit ¼ À0:32% gives this system a high resistance to microstructural coarsening at high temperatures.
During primary creep the 0 precipitates start to link together early and continue to develop well into steadystate creep by their increased lateral extension. After about 470 hours of creep testing, the 0 rafts extended completely across both SEM and TEM micrographs from one side to the other. During extended creep deformation (after approx. 850 h), the 0 rafts become more ''wavy'' and they started to join each other. This evolution leads to an effect called ''topological inversion''. This process is described by Epishin et al., 2) explaining the formation of junctions connecting neighboring 0 rafts and separating the phase. At the final step of the process, the 0 phase becomes topologically the matrix, surrounding the phase. Transformation of the long -lamellae into short inclusions leads to increase of dislocation motion in the phase.
2) Moreover, the isolation of the phase is not completed, still making dislocation climb possible. Therefore a topological inversion of the À 0 microstructure is accompanied by a drastic increase of the creep rate. 2, 9, 10) In order to quantify the kinetics of rafting during creep, the mean raft dimensions were measured and plotted as a function of time. Kinetics of rafting is expected to be a diffusion controlled process, therefore it is likely that time plays an important role in the development of the rafted microstructure. 6) The relationship between the parameters T, L, S, R and time is shown in Figs. 2-5 . Standard deviation of the measured parameters was quite high and for advanced rafting process reached even 80%. Thereby it should be noted that the graphs show only a tendency of microstructural changes during creep deformation of those superalloys.
As shown in Figs. 2 and 3 , parameters L and T for PWA 1497 alloy are initially nearly constant according to the cuboidal shape of 0 precipitates. Thereafter, T parameter for PWA 1497 alloy slightly decreases and finally accomplishes the highest value for the microstructure topological inversion. The L parameter increases rather rapidly up to 600 h creep duration and then decreases as rafting proceeds and the rafts become more wavy and convoluted. PWA 1484 exhibits similar changes of the L and T parameters but shifted to shorter times due to the faster creep deformation. The S parameter (interlamellar spacing or thickness of the phase) is plotted as a function of time in Fig. 4 . It is seen that interlamellar spacing for both generation alloys slowly increases during creep exposure, and triples its value at the last stage. The PWA 1484 alloy undergo faster changes of S parameter. Figure 5 shows the relationship between rafting parameter R and creep duration. The R parameter reaches its maximum for the longest rafts and then decreases as rafting proceeds and microstructure topological inversion occurs. For the wavy rafts, the value of R parameter is affected by different angular arrangement of rafts versus intercepting lines. Therefore it is not an ideal estimator of microstructural changes after topological inversion and the quantitative description for such microstructure should be further elaborated. In case of the R parameter, the 4th generation alloy PWA 1497 also represents better microstructure stability over 2nd generation PWA 1484 alloy. Microstructure changes is similar in both superalloys but the rate of changes is faster for the PWA 1484 alloy. Matan et al. 6) presented the results of quantitative description of the crept microstructure of the 2nd generation CMSX-4 superalloy analysed by SEM. These results show that the L, T and S parameters should be treated with some caution. In the early stages of rafting, as the individual particles coalesce and the rafts are short and well aligned, the L and T parameters correspond to the average length and thickness of the 0 precipitates, respectively. As rafting proceeds, the rafts become more wavy 
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Time, t /h and convoluted and the intercept L parameter no longer corresponds exactly to the length of the raft. Nonetheless L represents a measure of this further degree of rafting. In the final stage of rafting the 0 become the matrix phase, consequently the length of the 0 precipitates is now a meaningless quantity. 6) The PWA 1497 superalloy exhibits nearly three times better creep resistance and its microstructure is more stable than 2nd generation PWA 1484 superalloy. The main reason for this effect is the difference in chemical composition of both superalloys. The 4th generation superalloys contain additions of ruthenium which cause so-called ''reverse partitioning'' effect. This effect is responsible for partitioning of the refractory elements more strongly to the 0 phase. This might be a reason why ruthenium improved the microstructural stability of the PWA 1497 and allowed for higher levels of refractory elements to be added, thereby improving high temperature strength of this superalloy. 4) 
Conclusions
(1) The microstructure of the PWA 1497 superalloy during high temperature creep deformation was quantitatively characterized by scanning-and transmission electron microscopy methods. The PWA 1497 microstructure was stable during 200 h of creep exposure at 980 C and 250 MPa. During prolonged deformation, the 0 precipitates undergo directional coarsening and finally this evolution led to a topological inversion of 0 À microstructure. (2) The PWA 1497 microstructure changes were described by four parameters (L, T, S and R). Rafting parameter R, defined as L=2T, appeared to be a suitable and reliable quantitative measure of the developed rafting.
(3) The PWA 1497 superalloy exhibits nearly three times better creep resistance and its microstructure is more stable than 2nd generation PWA 1484 alloy creep tested in the same conditions 980 C and 250 MPa. Microstructural changes caused by creep deformation at high temperature of 4th generation alloy are very similar to that of 2nd generation superalloy but the rate of changes is much slower.
